Terminal drought tolerance implies that plants have enough water to fill grains. Water saving traits, measured in tolerant and sensitive cowpea lines, showed that tolerant lines have developed several constitutive mechanisms, closely related to one another, which reduces the rate of water use and delay drought effects. This opens the possibility to decipher their genetic basis towards the development of drought tolerant cowpea cultivars. 
Introduction
Cowpea [Vigna unguiculata (L.) Walp.], a protein-rich grain legume is widely cultivated by resource-poor farmers in the semi-arid tropics of Africa, Asia, and Latin America where it is immensely important for its central role in the diet and economy of millions people (Singh et al. 2003; Dadson et al. 2005; Muchero et al. 2009 ). Despite its capacity to withstand water deficits, significant differences exist among cowpea genotypes for their response to terminal drought, i.e. water deficit stress occurring at the end of the growing season (Mai-Kodomi et al. 1999a; Muchero et al. 2008) . In Africa, cowpea is commonly grown in the Sudanian and Sahelian semi-arid regions, where climate change is likely to make drought stresses even more severe in the future (Hall et al. 2003; Wittig et al. 2007; . Therefore, the identification of drought tolerant cowpea cultivars adapted to these agro-ecological zones is needed (Van Duivenbooden et al. 2002; Kholová et al. 2010a) .
Extensive research has been carried out on the screening for mid-and late-season drought tolerance in cowpea, focusing on carbon isotope discrimination, chlorophyll stability index, leaf gas exchange, relative turgidity, relative water content, water use efficiency, and water potential (Hall et al. 1990; Cruz de Carvalho et al. 1998; Ashok et al. 1999; Singh and Matsui 2002; Ogbonnaya et al. 2003; Anyia and Herzog 2004; Hall 2004; Onwugbuta-Enyi 2004; Padi 2004; Slabbert et al. 2004; Souza et al. 2004; Hamidou and Braconnier 2007) . Nevertheless, only very few studies have used these indices to select parental genotypes in further genetic studies (Mai-Kodomi et al. 1999b; Muchero et al. 2009 ). We argue that, despite the complexity of the drought response, simple hypotheses based on water needs can be developed to guide the selection of critical traits (Vadez et al. 2007) . Here, we test one of these hypothesis, i.e. that water saving traits are important for terminal drought adaptation, by comparing a range of contrasting lines.
Because water availability is critical for the reproduction and grain filling period, plant traits involved in a conservative use of soil water even if water is not limiting are indeed likely to be relevant for yield improvement under limiting water . This has been shown in chickpea (Zaman-Allah et al. 2011a, b) and pearl millet (Kholova et al. 2010a, b) . Recent findings showed that leaf area was lower in tolerant chickpea (Zaman-Allah et al. 2011a) , peanut (Ratnakumar and Vadez 2011) , and this logically limits plant water use.
Significant variations in canopy conductance were also found among contrasting genotypes under non-limited water conditions in cowpea (Hall and Shulze 1980) , chickpea (ZamanAllah et al. 2011a) , soybean (Purcell and Specht 2004; Fletcher et al. 2007; Sadok and Sinclair 2009 ), peanut (Bhatnagar-Mathur et al. 2007) , sorghum (Gholipoor et al. 2010) , and pearl millet (Kholova et al. 2010b ).
There is also water saving option by having different soil moisture threshold where transpiration begins to decline upon progressive exposure to water deficit. For instance, the transpiration decline occurred in wetter soil (higher soil moisture threshold for transpiration decline) in tolerant than in sensitive chickpea genotypes (Zaman-Allah et al. 2011a ).
Genotypic differences for this trait were also found for transpiration response to progressive water deficit stress in several other crops (Vadez and Sinclair 2001; Bhatnagar-Mathur et al. 2007; Hufstetler et al. 2007; Devi et al. 2010; ) . This characteristic offers the opportunity to reduce water use and such information is not available in cowpea. Nevertheless, tolerant pearl millet had a lower FTSW threshold for the transpiration decline (Kholova et al. 2010a) . This was interpreted to be a consequence of the lower canopy conductance and then lower plant transpiration of tolerant genotypes under well-watered conditions, which helped maintain the relative transpiration of water stressed plants to a level similar to well-watered plants until the soil was dryer. Whether these thresholds relate to the canopy conductance under well-watered conditions is an important question to resolve. Whether these canopy conductance differences would also relate to genotypic differences in transpiration efficiency [TE] , which is a major source of crops yield variation under drought stress (Condon et al. 2004; Sheshshayee et al. 2006; Krishnamurthy et al. 2007) , is another one. None of these questions has been tested in cowpea and they are addressed in here.
According to Gwathmey et al. (1992) and Gwathmey and Hall (1992) , another important morphological trait that may contribute to drought adaptation of cowpea is a delayed leaf senescence [DLS] under water stress, which would enhance plant survival after a mid-season drought and limit damages to the first flush of pods. Cultivars with DLS also have enhanced production of forage because their leaves remain green and attached to the plant until harvest. Moreover, DLS can be easily measured by visual scoring using an appropriate scale as used by Muchero et al. 2008 to discriminate fifteen cowpea genotypes that exhibit significant genetic variation for drought tolerance.
In summary, the overall objective of the present study was to assess whether cowpea genotypes contrasting for their response to terminal drought in the field differ in their response to progressive soil drying conditions. Specific objectives were to: (i) evaluate growth and canopy conductance in different atmospheric VPD conditions, and test whether drought tolerant lines differ from sensitive one; (ii) compare whether tolerant and sensitive cowpeas differ in their growth response to progressive exposure to drought stress; (iii) determine whether there are variations in the soil moisture thresholds [FTSW] where transpiration declines across genotypes and environments; (iv) Assess possible relationships between some of these water saving traits.
Material and methods

Plant growth and description of experiments
Experiments were simultaneously carried out under different vapor pressure deficit [VPD] , by setting experiments in glasshouse and outdoor environments at ICRISAT-Patancheru in India (17° 30' N; 78° 16' E; altitude 549 m) during the post-rainy season between March and May 2010. During the crop growing period, the VPD was lower in glasshouse than outdoors, where air temperature was higher and relative humidity lower. The air temperature, relative humidity and resulting VPD varied between 24-40°C, 45-85%, 0.55-4.15 kPa, respectively in glasshouse while varying between 25-50°C, 20-70%, 0.85-7.45 kPa, respectively outdoors (Suppl. Fig. 1 ). Fifteen cowpea genotypes, contrasting for their response to drought stress under field and controlled environment conditions (Belko N., Cisse N. et al. unpublished) , were selected for this investigation ( . The experimental layout was a randomized complete block design with treatment-set as the main factor and genotypes as sub-factor randomized five times within each block.
Transpiration rate in response to VPD
The rate of water-loss per unit of leaf area [TR] was assessed on WW plants from the first set (see above) under natural variations of VPD during the course of an entire sunny day in both glasshouse and outdoor conditions. The plant transpiration was measured gravimetrically from the losses in pots weight between consecutive weighings. Pots were weighted with 0.01 g precision scale (PE 12, Mettler Toledo, Germany) 
Plant exposure to progressive water deficit stress (dry-down)
After bagging, pots were weighed around 9:00 am at 31 days after sowing [DAS] to have the initial pot weight and thereafter pots were weighed every day in the morning to calculate the daily plants transpiration. Well watered plants were maintained as such by daily re-watering up to 80% field capacity, i.e. by bringing the pot weight to 200 g below the field capacity weight every day. Water stress plants were exposed to stress by partially compensating plant water loss from transpiration, i.e. plants were allowed to lose no more than 70 g each day.
Therefore, any transpiration in excess of 70 g was added back to the pots, as previously described by Vadez and Sinclair (2001) , to allow a progressive development of water-deficit stress over approximately two weeks.
The transpiration values were normalized to facilitate comparison as previously described by Kholova et al. (2010a Since the plants were allowed to transpire no more than 70 g water per day, all the genotypes were exposed to similar stress intensities, at least from the viewpoint of the soil water content. Changes in NTR during the soil drying cycle were expressed as a function of FTSW which was used as the indicator of the stress intensity (Ritchie 1981) .
Canopy temperature depression [CTD], transpiration efficiency [TE], and leaf scoring
The day before the end of the dry-down leaf temperatures were recorded on five replicates plants for both WW and WS treatments in both environments between 8:00 and 9:00 am with an IR-thermometer (Fluke 574, Fluke Thermography, Annapolis Lane Plymouth, MN, USA).
Air temperature was recorded from a temperature and relative humidity recorder (Gemini where the pre dry-down biomass was the biomass of plants used to assess the TR response to VPD and harvested at the beginning of the dry-down. The final harvested biomass was that of WW and WS plants harvested at the end of the dry-down. The total water transpired was the sum of daily transpiration measured by daily weighing of pots during the dry-down.
Leaf senescence due to water-deficit stress was scored at the end of the dry-down in both glasshouse and outdoors. The state of leaf senescence was rated on a scale from 1 to 5, with 1 = totally green and turgescent, 2 = green and slightly wilted, 3 = green-yellow and wilt, 4 = yellow-green and severely wilt and 5 = completely yellow to brown / almost died.
Statistical analysis
Analyses of variance (Anova) For the TR versus CTD relationship, the data were analyzed with the split line regression option of Genstat (9.0), which provides a breakpoint value where the slope of the fitted regression significantly changes.
Results
Genotypic variation for plant growth under WW conditions at 30 DAS
Under glasshouse conditions, most tolerant lines had lower vigor than sensitive lines (Table   2 ). Higher root dry weight was found in five out of seven sensitive lines than in seven out of eight tolerant lines. All sensitive genotypes, except IT89KD-288, produced higher plant biomass than five tolerant lines. This was related more to difference in leaf dry weight (all but one sensitive genotypes had higher leaf dry weight than five out of eight tolerant) than in stem dry weight. The specific leaf area (SLA, cm 2 g -1 ) varied between genotypes but did not discriminate tolerant from sensitive lines. Leaf area (cm 2 plant -1 ) was the smallest in all drought tolerant lines, except IT97K-499-39 and KVx-61-1, than in all drought sensitive, except IT89KD-288 (Table 2) .
Under outdoor conditions, growth parameters varied significantly among genotypes but did not clearly discriminate tolerant from sensitive lines, although the leaf area of five out of seven sensitive genotypes was higher than five out of eight tolerant ones (Table 2 ). In addition to the significant genotypic variations for all the growth parameters, there were highly significant differences between the glasshouse and outdoors environments for these growth attributes. Also, a significant effect of the interaction between genotype and environment [G x E] on the variation of the growth parameters was found, explaining a variance close to that for genotypic effect (Table 2 ).
In summary, tolerant genotypes had low early vigor for the majority of them but their differences with the sensitive lines for growth parameters were not clearly expressed under high VPD conditions outdoors as compared with the glasshouse environment. Fig. 1A ). TR, averaged for the whole day, was then about 40% lower in tolerant than in sensitive lines (data not shown). The total water transpired per plant throughout the day was significantly lower in five out of eight tolerant lines than in six out of seven sensitive lines in the glasshouse conditions ( Fig. 2A ).
Response of leaf transpiration rate to changing atmospheric VPD
Under outdoor conditions at 30 DAS, similar results for the canopy conductance to those under lower VPD conditions in the glasshouse were obtained: (i) canopy conductance was significantly lower in the most tolerant genotypes than in sensitive lines, (ii) largest differences were recorded at VPD above 6.5 kPa (Fig. 1B ), (iii) average TR for the whole day was 30% lower in tolerant than in sensitive lines (data not shown). The total water transpired per plant during the whole day was also significantly lower in four out of eight tolerant genotypes than in six out of seven sensitive genotypes under well watered conditions outdoors
Effect of drought exposure on plant growth and transpiration efficiency
Under glasshouse conditions at the end of the dry-down experiment under WW conditions, the root, stem, leaf, and plant biomasses of tolerant genotypes [IT84S-2049, Mouride, Suvita 2, KVx-61-1] remained lower than that of the sensitive ones . The same applied to a lesser extent in the WS treatment (Table 3) .
Biomass increase, total water transpired, and TE under WW conditions did not discriminate tolerant from sensitive lines (Table 4 ). In the WS treatment, total water transpired was higher in six out of eight tolerant lines than in five out of seven sensitive lines (Table 4) . By contrast, at the end of the drydown treatment, all genotypes had extracted a similar amount of water from the soil (TTSW, data not shown). TE values did not discriminate tolerant from sensitive lines.
Under outdoor conditions, in the WW treatment, all tolerant lines had lower total water transpired than five out of seven sensitive lines. TE was also higher in five out of eight tolerant lines than in five out of seven sensitive lines. In the WS treatment, there was genotypic variation for the biomass increase, total water uptake, and TE, but no discrimination between tolerant and sensitive lines (Table 4) .
Overall, at the end of the dry down, the most tolerant lines showed lower biomass than 
Response of leaf gas exchange to progressive soil drying
In the glasshouse, the FTSW thresholds for transpiration decline were lower in six out of eight tolerant than in five out of seven sensitive lines. The FTSW thresholds varied between 0.44 and 0.70 (Table 5) . 3C&D ).
Genotypic differences in canopy temperature depression in response to drought
Under glasshouse conditions in the WW treatment, the canopy temperature depression [CTD] did not discriminate tolerant from sensitive lines at the end of the dry-down [45 DAS] (Fig.   4A ). In contrast under WS conditions, CTD varied among genotypes and was lower in sensitive lines (average of -0.03 °C) than in tolerant lines (average of 1.39 °C) (Fig. 4B ). Only one sensitive and one tolerant line differed from this. Under outdoor conditions, similar results were obtained. In the WW treatment, there was no clear CTD discrimination between tolerant and sensitive genotypes (Fig. 4C) . Under WS conditions, the CTD was lower in sensitive lines (average of -0.74 °C) than in tolerant lines (average of 1.82 °C) (Fig. 4D) .
Scoring for stay green under water-deficit
Leaf senescence caused by drought stress varied across genotypes under both glasshouse and outdoor conditions (Table 6) , and several cowpea genotypes preserved stem and leaf greenness more than others (Suppl. Fig. 2 ). Tolerant Mouride, Suvita 2, IT84S-2049, and IT97K-499-39 kept greener (lower scores) than sensitive Bambey 21, IT82E-18, IT97K-556-6, and UC-CB46 (higher scores). There was a close agreement between the two environments for leaf damage visual rating.
Discussion
Several traits related to plant growth and patterns of soil water use under both well watered and water stressed conditions discriminated terminal drought-tolerant from sensitive genotypes and that in both glasshouse and outdoors environments.
Plant growth under non-limited water and drought stress conditions
At 30 DAS under WW conditions, most tolerant genotypes had lower growth than sensitive lines under low VPD conditions in the glasshouse. These growth differences were not clearly expressed under high VPD conditions outdoors, where growth was depressed, likely because of a depressive VPD effect on leaf expansion (Tardieu et al. 2000) . These early growth differences were explained by two different mechanisms: (i) a lower leaf area of tolerant line;
(ii) a lower canopy conductance (TR, g cm -2 h -1 ). These present results are consistent with previous study in chickpea (Zaman-Allah et al. 2011a ) and pearl millet (Kholova et al. 2010a ). We interpret that under situations of terminal drought, high early vigor and development of large leaf areas could lead to rapid water depletion, and leave plants facing water scarcity while completing their cycle. Therefore, lower early growth by decreased LA and lower canopy conductance under WW conditions, as found in some tolerant lines, could be important adaptive response against late season drought stress, as previous hypothesized (Hammer 2006) . Our findings in cowpea, added to the earlier one on chickpea, pearl millet, or sorghum facing similar stress, clearly indicate that limiting plant growth is a common mechanism across crops facing terminal drought stress. Of course, limiting plant growth would limit potential yield in those years or locations where the stress is mild.
At the end of the dry-down experiment, the biomass increase under WS was higher in the tolerant than in the sensitive lines. This was related to the higher soil moisture thresholds where transpiration declined in sensitive genotypes. Similar findings have been reported in peanut (Bhatnagar-Mathur et al. 2007; Devi et al. 2009 ), maize (Ray et al. 2002) and millet (Kholova et al. 2010a ). This could also relate to the fact that, although transpiration efficiency decreased considerably under high VPD conditions across all genotypes, this decrease was relatively less in drought tolerant genotypes. Similar result were obtained in wheat, where tolerant lines maintained higher growth, biomass increase, water extraction and TE than sensitive lines under water stress (Condon et al. 2004 ).
Genotypic differences in the transpiration rate response to natural change of VPD
Tolerant lines had lower canopy conductance than sensitive lines and these consistent results
were observed under both low VPD (glasshouse) and high VPD (outdoors). The largest differences between tolerant and sensitive lines were recorded around midday when the VPD was above 3.5 kPa and 6.5 kPa in the glasshouse and outdoors, respectively. Then, the TR computed for the whole day of experiment, was about 40% and 30% lower in tolerant than in sensitive lines under low VPD and high VPD conditions, respectively. These lower TR values led to, overall, lower total water transpired per plant per day in the majority of tolerant genotypes than in the sensitive lines under WW conditions in both environments. These results are in agreement with similar findings of lower canopy conductance in terminal drought-tolerant lines of pearl millet where both mechanisms were found: (i) a low canopy conductance at low VPD; (ii) a further restriction of canopy conductance at high VPD (Kholova et al. 2010a) . Terminal drought tolerant chickpea also had constitutively lower TR than sensitive lines, but tolerant and sensitive had response of TR to VPD (Zaman-Allah et al. 2011a ). In the previous work in pearl millet, we interpreted that the rapid changes in canopy conductance upon VPD increase could only be mediated by hydraulic signals. Our results are, as far as we know, the first evidences of a possible hydraulic limitations to the transpiration under high VPD in cowpea (Fig. 1) , and genotypic differences associated to it that open the possibility of exploiting that feature towards breeding for drought adaptation.
Therefore, in genotypes that would restrict TR, especially at high VPD, there is a scope for water saving which would then be available and essential for grain filling late in the season (Sinclair et al. 2005; Ghoolipoor et al. 2010; Kholova et al. 2010a, b; Zaman-Allah et al. 2011a, b) . It was then argued that a lower canopy conductance would lead to higher transpiration efficiency (Sinclair et al. 2005) . There was indeed a close relationship between a lower TR and a higher TE under high VPD conditions and both water treatments (R 2 = 0.40 and 0.76 under WW and WS respectively; Fig. 5C&D ), but this relationship was weak or nonsignificant under low VPD conditions (Fig. 5A&B ). Our interpretation is that, in agreement with the theory, plants that would be capable of suppressing transpiration at high VPD would have an increased transpiration efficiency, and logically the capacity to limit transpiration at high VPD would be more beneficial in environments where high VPD conditions are more common, like the outdoor conditions of this work. It should be mentioned that a lower TR could also lead to yield penalties, for example under mild stress or non-limiting water supply (Sinclair and Muchow 2001; Cho et al. 2003; Richards et al. 2007; Sinclair et al. 2010) , and could be here the reason for the lower biomass of tolerant lines. Thus, both traits as above described are important to consider only for the breeding of crops with enhanced terminal drought tolerance for regions with high VPD and low water supply.
Variation in FTSW threshold and transpiration efficiency under drought conditions
One of the key findings of this investigation was that FTSW threshold for transpiration was lower in most tolerant lines than in most sensitive lines in both glasshouse and outdoors.
Therefore, upon progressive exposure to water deficit, transpiration declined in relatively dryer soil (lower FTSW) in the tolerant lines than in the sensitive ones in both low and high VPD conditions. The basis for the calculation of FTSW threshold is the total transpirable soil water (TTSW), which is the amount of water that can be extracted to support transpiration from a same volume of soil. This trait did not vary between cowpea genotypes, which also agree with our findings in other crops species. There is often confusion between TTSW and the total water transpired, which is the sum of TTSW and the water added to the WS plants in the course of the drydown. The water added of course varies between genotypes, and reflects growth differences between genotypes, and the very purpose of using a WW control is to normalize these differences. The differences in the FTSW thresholds where transpiration declines were in agreement with data obtained in groundnut (Bhatnagar-Mathur et al. 2007; Devi et al. 2009), soybean (Vadez and Sinclair 2001; Hufstetler et al. 2007) , maize (Ray et al. 2002) and pearl millet (Kholova et al. 2010a) . However, these results were different from those obtained in chickpea, where sensitive lines had a decline of transpiration in dryer soils than tolerant lines (Zaman-Allah et al. 2011a ). Sinclair and colleagues (2010) showed that a higher FTSW threshold would contribute to grain yield increase in soybean. Our finding of large genotypic contrast for the FTSW thresholds in cowpea opens a scope to use that trait in breeding. Here, the FTSW thresholds for the decline in transpiration with soil drying were similar across VPD conditions. These results agreed with those reported in maize hybrids (Ray et al. 2002) , although they differ from earlier assumption from Denmead and Shaw (1962) who make the assumption that FTSW threshold for the decline of transpiration upon imposition of water deficit should increase if the imposition of water deficit took place in conditions of higher evaporative demand.
Relationship between TR, CTD, TE, and the FTSW thresholds for transpiration decline
Since the largest TR differences between tolerant and sensitive lines were achieved at the time of the day when the VPD was the highest, a first question was then whether these large TR differences could lead to differences in TE, as hypothesized above. TE and TR were indeed closely related but the relationships were significant only in outdoors conditions, where the VPD was high (Fig. 5) . The interpretation is that the low TR at high VPD was caused by a partial stomata closure under high VPD, as it has been shown in other crops (Kholova et al. 2010b; Devi et al. 2010) . Therefore, the effective VPD for the transpiration in these plants is shifted to a lower value, leading to a higher TE according to the definition of TE (Tanner and Sinclair 1983) . Also recent report indicates that soybean having transpiration sensitivity to high VPD reduced stomatal conductance under high VPD, but this was not accompanied by a proportional decrease in photosynthetic activity. This led to differences in intrinsic water use efficiency (Gilbert et al. 2011) .
A second question was whether the differences in FTSW thresholds for the transpiration decline were related to the lower TR under WW conditions. There was indeed a tight positive relationship between the FSTW thresholds for transpiration decline and TR under both low and high VPD conditions (R 2 = 0.66 and 0.71 respectively; Fig. 6A&B ). Our interpretation is that a lower TR, which leads in part to a lower absolute transpiration (Fig. 2) , makes droughtstressed plant function like well watered ones until the soil has become dryer, as it was previously found and discussed (Kholova et al. 2010a ). This then leads to having a lower FTSW threshold where transpiration drops upon progressive exposure to water deficit stress.
Since TR and the FTSW thresholds and TR and TE are both related, the third question was then whether these FTSW threshold differences could be related to TE. Under low VPD conditions, the relationship between TE and the threshold for transpiration decline was not significant (Fig. 6C ) By contrast, under high VPD conditions there was a negative trend between the thresholds and TE (Fig. 6D ). This agreed with the fact that no difference were observed in TE among genotypes under low VPD conditions but under high VPD conditions there were substantial TE differences among genotypes. These results were different from those found in peanut (Devi et al. 2009 ), although the polynomial relationship in the 0.2-0.6 FTSW range in this study was relatively poor (R 2 =0.39). By contrast, the results presented here are in agreement with more recent results showing also a strong negative relationship (R 2 =0.88) between the FTSW thresholds and TE (Devi et al. 2011 ).
Our overall interpretation on these three questions is that the lower TR of tolerant lines during the time of the day when the VPD is the highest, which is related to a partial closure of stomata, had two consequences: (i) first the lower TR of tolerant plants at high VPD led to increasing TE level, especially in those conditions with high VPD such as outdoors here. This is what we find here in the negative relationships between TE and TR in outdoor conditions (Fig. 5C&D). (ii) A lower TR saved water and allowed these plants, when exposed to stress, to function like fully irrigated plants for a larger part of the drying cycle. This is our interpretation of the positive relationships between the FTSW threshold for the transpiration decline and TR ( Fig. 6A & B These two consequences are then the causal factors behind the relationship between the FTSW thresholds for the transpiration decline and TE at high VPD (Fig. 6D) . Therefore, these FTSW thresholds become a very powerful tool to select plants that have the capacity to restrict transpiration at high VPD, itself leading to increasing TE.
At the end of the experiment under WS conditions, tolerant genotypes showed higher CTD than sensitive lines, which indicated that at these late stages of stress, tolerant lines likely maintained transpiration activity and this was well related to the lower leaf senescence scoring in these lines. CTD was also closely and positively related to TR, in a broken stick regression that described this relationship under both low and high VPD (Fig. 7) . Therefore, the measurement of canopy temperature could become an easy way to assess TR in cowpea. 
Conclusion
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